Traits that have arisen multiple times yet still remain rare present a curious paradox. A number of these rare traits show a distinct tippy pattern, where they appear widely dispersed across a phylogeny, are associated with short branches and differ between recently diverged sister species. This phylogenetic pattern has classically been attributed to the trait being an evolutionary dead end, where the trait arises due to some short-term evolutionary advantage, but it ultimately leads species to extinction. While the higher extinction rate associated with a dead end trait could produce such a tippy pattern, a similar pattern could appear if lineages with the trait speciated slower than other lineages, or if the trait was lost more often that it was gained. In this study, we quantify the degree of tippiness of red flowers in the tomato family, Solanaceae, and investigate the macroevolutionary processes that could explain the sparse phylogenetic distribution of this trait. Using a suite of metrics, we confirm that red-flowered lineages are significantly overdispersed across the tree and form smaller clades than expected under a null model. Next, we fit 22 alternative models using HiSSE (Hidden State Speciation and Extinction), which accommodates asymmetries in speciation, extinction and transition rates that depend on observed and unobserved (hidden) character states. Results of the model fitting indicated significant variation in diversification rates across the family, which is best explained by the inclusion of hidden states. Our best fitting model differs between the maximum clade credibility tree and when incorporating phylogenetic uncertainty, suggesting that the extreme tippiness and rarity of red Solanaceae flowers makes it difficult to distinguish among different underlying processes. However, both of the best models strongly support a bias towards the loss of red flowers. The best fitting HiSSE model when incorporating phylogenetic uncertainty lends some support to the hypothesis that lineages with red flowers exhibit reduced diversification rates due to elevated extinction rates. Future studies employing simulations or targeting population-level processes may allow us to determine whether red flowers in Solanaceae or other angiosperms clades are rare and tippy due to a combination of processes, or asymmetrical transitions alone.
Introduction
Evolutionary biologists have long sought to explain patterns of trait diversity across the tree of life. For example, why do some traits appear to have evolved only once, while other traits have evolved many times in different clades? Moreover, why do some of the traits that have arisen repeatedly still remain rare across the tree? These patterns of trait distribution and frequency are shaped by a range of factors, including rates of trait evolution (Ree & Donoghue, 1999; and state-dependent diversification (Goldberg et al., 2010; Mayrose et al., 2011) . Recent advances in phylogenetic comparative methods have provided new approaches for testing the relative importance of different evolutionary factors in shaping trait diversity (Pennell & Harmon, 2013; Morlon, 2014) . Nevertheless, making the connection between pattern and process can still be a challenge because different processes can potentially give rise to similar phylogenetic patterns (Maddison, 2006; Ng & Smith, 2014; .
Among the most intriguing macroevolutionary patterns are 'tippy' trait distributions, which have often been hypothesized to reflect evolutionary dead ends (Kelley & Farrell, 1998; Agnarsson et al., 2006; Day et al., 2016) . Such tippy (or 'twiggy' or 'spindly') traits are widely dispersed across the tree, with few or no sister taxa sharing the state, suggesting multiple independent origins (Agnarsson et al., 2006; Bromham et al., 2016) . Tippy traits are also often rare across the tree and associated with short branches (Kelley & Farrell, 1998; Schwander & Crespi, 2009; Bromham et al., 2016) . A number of traits show tippy phylogenetic patterns, such as sociality (Agnarsson et al., 2006) , asexuality (Schwander & Crespi, 2009 ) and specialization (Kelley & Farrell, 1998; Day et al., 2016) . Under the dead end hypothesis, these traits may evolve due to having a short-term evolutionary advantage, but ultimately result in the extinction of lineages possessing the trait (Stebbins, 1957; Schwander & Crespi, 2009; Wright et al., 2013) . However, other evolutionary scenarios might lead to a similar tippy trait distribution. For example, lineages with the tippy trait may speciate more slowly than other lineages, or the trait may be lost more often than it is gained (Maddison, 2006; Ng & Smith, 2014) . In addition, it is also possible that one or more of these processes could together contribute to the tippiness of a trait .
Red flowers in the tomato family, Solanaceae, provide one example of a rare trait that seemingly has a tippy distribution. Although Solanaceae exhibit a wide diversity of flower colours (Knapp, 2010) , red-flowered species account for only 1% (or 34) of the estimated 2865 species in the family (Ng & Smith, 2016a; Dupin et al., 2017) . This trait has evolved at least 30 times across the family (Ng & Smith, 2016a) , and red-flowered taxa appear on short branches, clustered towards the present (Fig. 1) . These independent origins of red flowers have involved at least three different developmental mechanisms and two distinct pigment pathways (Ng & Smith, 2016a) . Specifically, red flower coloration can be due to the presence of anthocyanin pigments, carotenoid pigments or the production of both (Ng & Smith, 2016b) . The potential for producing red flowers via multiple types of genetic and biochemical changes may help to explain the evolutionary lability of this trait, with many gains and losses (Perret et al., 2003; Tripp & Manos, 2008) , as well as the widespread convergence on this colour across angiosperms (Cronk & Ojeda, 2008) . Nonetheless, it remains unclear why red-flowered species represent such a small fraction of the total species in this family or in other plant groups (Whittemore, 1997; Wilson et al., 2006) . Therefore, in this study, we aim to infer the macroevolutionary processes (e.g. elevated extinction, reduced speciation) that gave rise to the tippiness of red flowers in Solanaceae.
Over the last ten years, new state-dependent speciation and extinction (SSE) models have emerged, providing a powerful set of tools for making inferences about the processes that influence patterns of trait diversity and species richness (e.g. FitzJohn, 2010; Goldberg & Igic, 2012; Magnuson-Ford & Otto, 2012) . While previous models treated analyses of diversification and character change separately (Mitter et al., 1988; Pagel, 1994) , the SSE models simultaneously estimate speciation and extinction rates in each character state along with transition rates among states, allowing researchers to directly compare competing hypotheses (Ng & Smith, 2014) . For example, increased diversification or biased transitions could both lead to the prevalence of a particular character state, and SSE models can be used to test whether the two simultaneously contribute or if one factor alone is sufficient to explain the trait distribution (Silvestro et al., 2014; Smith & Goldberg, 2015) .
The Hidden State Speciation and Extinction (HiSSE) model is among the most recent of the SSE models and was developed because earlier SSE models tended to produce false associations between the focal character state and diversification rates (Maddison & FitzJohn, 2015; Rabosky & Goldberg, 2015) . One cause for these false positives is thought to be heterogeneity in diversification rates across a phylogeny, which could be caused by an unknown or Fig. 1 Tippiness of red-flowered species in the Solanaceae family. The 34 red-flowered species are indicated with red triangles on the MCC tree from the BEAST analysis. Maximum-likelihood ancestral states were estimated using the MarginRecon function in the hisse R package. The parameter values used were from the model most frequently chosen as the top model across 100 posterior trees (a HiSSE model where all transition rates are allowed to differ; Table 2 ) and estimated on the MCC tree. Forty-three of the internal nodes were estimated to have a greater than 50% marginal probability of having a red-flowered state. Stars denote lineages leading to two of the most species-rich clades in Solanaceae, Lycianthes (top) and Solanum (bottom), which lack red flowers and are buzz-pollinated by bees (see Discussion).
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unmodelled trait (FitzJohn, 2010; Rabosky & Goldberg, 2015) . In this case, models allowing for some rate variation can be favoured even if the focal trait is not associated with the differential diversification. HiSSE addresses this issue by expanding the BiSSE model (Maddison et al., 2007) to allow multiple diversification rates which can be associated with unobserved or 'hidden' character states (Fig. 2) . Here, we use the HiSSE framework to examine competing hypotheses for the tippiness of red flowers. We first measure the extent to which red flowers exhibit a tippy distribution and investigate whether there is diversification rate variation across the Solanaceae phylogeny rather than transition rate variation alone. After finding diversification rate variation across the tree, we then estimated the degree to which this rate variation is associated with red flowers rather than hidden states alone and tested whether the distribution of red flowers in Solanaceae is best explained by asymmetries in speciation, extinction or transition rates, or a combination of these processes. Although evolutionary dead ends have been defined a number of ways (reviewed in Bromham et al., 2016) , we consider red flowers to be a dead end trait if they exhibit elevated extinction rates (e.g. Stireman, 2005; Schwander & Crespi, 2009; Pruitt, 2013) . We discuss our results in the context of what is known regarding the ecology and biochemistry of redflowered species to identify the processes that account for their extremely tippy distribution.
Materials and methods

Time-calibrated phylogenetic reconstruction
We reconstructed a time-calibrated phylogeny that included all 34 red-flowered Solanaceae species as well as closely related nonred congeners. We had previously identified all red-flowered species in Solanaceae based on spectral reflectance data as well as descriptions in the literature and herbarium specimens (Ng & Smith, 2016a) . We used our recently reported DNA sequence matrix comprising 1341 Solanaceae species and five regions: two nuclear regions (the granule-bound starch synthase [GBSSI or waxy] gene and the internal transcribed spacer [ITS] region) and three chloroplast regions (matK, ndhF and trnT-trnF) (Ng & Smith, 2016a) . This dataset comprises 47% of the 2865 species in the family. However, as this dataset had 33 of the 34 red-flowered species, we generated additional ndhF and ITS sequence data for the remaining red-flowered species, Markea coccinea, from herbarium leaf tissue (specimen: Mori et al., 20899, NY) following protocols outlined in Ng & Smith (2016a) (GenBank accessions: KX151976 and KX151977). We then used MAFFT v7.150b (Katoh & Standley, 2013) to add the newly generated sequences to Ng & Smith's (2016a) sequence alignment.
We used BEAST2 (v. 2.4.0; Bouckaert et al., 2014) to generate a time-calibrated phylogeny. We used a GTR + G substitution model for each gene partition, a relaxed clock model with log normal distribution to allow rate variation among lineages, and a Yule tree prior. Trees were estimated using the same age constraints as S€ arkinen et al. (2013) : the Solanoideae stem node was constrained with a lognormal offset of 23 million years ago (Ma) (mean 0.01, standard deviation 1.0), whereas the Solanaceae stem node was constrained with a lognormal offset of 46 Ma (mean 0.01, standard deviation 1.0). To ensure that our results were robust to a phylogenetic reconstruction using different priors, we reran our BEAST2 analyses using a birthdeath tree prior and applying the node constraints of a more recent study that set the Solanaceae stem node to 66.6 Ma with a uniform prior and bounded between 86.9 and 47.8 Ma (De-Silva et al., 2017) . To aid in convergence of the chains for these large phylogenies, we further constrained 17 clades to be monophyletic that were well supported in both Ng & Smith's (2016a) and S€ arkinen et al.'s (2013) maximum-likelihood (ML) analyses (bootstrap > 80%). We conducted two runs of 50 million generations, sampling every 5000 generations. We used Tracer v1.6 (Rambaut et al., 2014) and the RWTY R package (Warren et al., 2017) to verify that both runs reached stationarity and converged on the posterior distributions of trees, respectively. After discarding 10% of the trees from both runs as burn-in, we combined and summarized the trees as a maximum (s) and extinction fraction (e) (not shown), from which speciation (k) and extinction (l) rates can be calculated (s = k + l; e = l/k). For our study, we allowed a maximum of four transition rate parameters to differ in our models as shown in the figure (q 01 , q 10 , q AB , q BA ). Following the vignette accompanying the hisse R package, no models allowed dual transitions (e.g. q 0A ↔ q 1B ).
clade credibility (MCC) tree using the LogCombiner and TreeAnnotator tools in BEAST. We ran our analyses (see below) on both sets of trees that were reconstructed with different priors and different age constraints for the Solanaceae stem node. As our results were qualitatively the same, we report our results based on the first phylogenetic reconstruction.
Measuring the tippiness of red flowers
We calculated seven 'tippiness' metrics to measure the extent to which red-flowered Solanaceae species are tippy. These metrics reflect multiple aspects of the phylogenetic distribution pattern, including relative branch length and clustering. Table 1 describes the metrics used, grouped by three characteristics of tippiness: (i) level of convergence, (ii) branch length associated with red-flowered species and (iii) size of clades that all exhibit red flowers. We calculated the seven metrics for the red-flowered species on the MCC tree, as well as the non-red-flowered species for comparison. Following Bromham et al. (2016) , we tested whether red flowers are significantly tippy by evolving binary traits along the Solanaceae phylogeny under a Brownian motion model 1000 times, and then discretizing these data by choosing a threshold that produces the character state proportions of the observed data. Using this null distribution, we then examined whether the seven metrics were significantly lower or greater (see Table 1 for the expectations). This standardized approach to quantify a trait's tippiness allows trait distributions to be compared across phylogenetic trees and across studies.
Significance tests on all metrics were conducted using the treestat function in the phylometrics R package .
Model fitting with HiSSE
To identify the macroevolutionary processes that gave rise to the tippiness of red Solanaceae flowers, we compared the fit of a range of different HiSSE models on the MCC tree as well as a sample of 100 trees from the BEAST analysis to account for phylogenetic uncertainty. As implemented in the hisse R package , the HiSSE model incorporates two discrete observed states (0, 1) that can each appear in combination without (A) or with (B) a hidden state. Variation in speciation (k) and extinction (l) rates can be associated with any of these character state combinations ( Fig. 2 ). For our study, red flowers were coded as 1 and nonred flowers as 0. For each state combination (0A, 1A, 0B, 1B), we used HiSSE to estimate rates of turnover (s 0A , s 1A , s 0B , s 1B ), extinction fraction (e 0A , e 1A , e 0B , e 1B ) and character state transitions (q 01 , q 10 , q AB , q BA ) (Fig. 2 ). We implemented HiSSE using the 'skeleton tree' approach to account for incomplete sampling in the phylogeny, by specifying that 100% redflowered and 46% non-red-flowered taxa were sampled; HiSSE otherwise assumes a completely sampled phylogeny. Following the vignette accompanying the hisse R package, we did not allow dual transitions (e.g. q 0A ↔ q 1B ). To estimate parameters corresponding to the biological processes of interest, we calculated speciation and extinction rates from the estimated turnover Table 1 Description of metrics used to describe the tippiness of red-flowered Solanaceae species.
Metric Description
Number of origins ParsimonyScore Parsimony score, or the fewest number of trait changes necessary to describe the trait data on the tree. We calculated this using the parsimony function in the phangorn R package (Schliep, 2011) . We expect the parsimony score to be high for a tippy trait. MNTD Mean nearest taxon distance. We focused on the distance between taxa with the derived state and used the mntd function in the picante R package (Kembel et al., 2010) . For tippy traits that are widely dispersed on the tree, we expect MNTD to be high. FPD Fritz and Purvis D, following Fritz and Purvis (2010) and Bromham et al. (2016) . This first calculates the sum of sister clade differences (SSCD), or the absolute difference in trait values (0 or 1) across all daughter node pairs. The difference between this and the expected SSCD under Brownian motion is then calculated and scaled by the difference between SSCD if the trait was distributed randomly on the tree and SSCD under Brownian motion. We expect FPD to be high for a tippy trait. Branch length MeanBL Mean terminal branch length with the derived state. If tippy traits are continually pruned from the tree by elevated extinction rates, we expect the derived state to be associated with short terminal branch lengths. Slope ASR Slope resulting from fitting a linear regression to the parsimony-inferred ancestral state and the depth of the corresponding node. We reconstructed ancestral states using parsimony (Huey and Bennett 1987) Bromham et al. (2016) . This metric uses parsimony to reconstruct ancestral states and then calculates the number of descendents that arise from each reconstructed origin with the derived trait. We calculated this using the noto function in the phylometrics R package . We expect NoTO to be small for a tippy trait.
(s = k + l) and extinction fraction rates (e = l/k). Diversification rates were also calculated by taking the difference between the estimated speciation and extinction rates (e.g.
. In order to determine how red flowers affected rate parameters, we focused on lineages where the hidden state was absent and compared state 1A (red flowers + no hidden state) to 0A (nonred flower + no hidden state). We estimated HiSSE rate parameters for five types of models (Table 2, S1): (i) BiSSE models, which allow differential diversification associated with the focal character (red flowers) but do not include hidden states, (ii) HiSSE models, which allow differential diversification associated with the focal trait (red flowers) as well as hidden (unobserved) states, (iii) CID-2 and (iv) CID-4 models, which do not include the focal trait but allows differential diversification associated with the hidden states, and (v) Mk2 models (Pagel, 1994; Lewis, 2001) , which have no differential diversification. Within each of these five classes of models (BiSSE, HiSSE, CID-2, CID-4 and Mk2) that differ in constraints on speciation and extinction rates, we included models that allowed the transition rate parameters to differ from one another. With the exception of CID-4, we estimated parameters for five variations of each class that differ in transition rate constraints (e.g. q 01 = q 10 ), including an irreversible model (q 10 = 0) given that some definitions of an evolutionary dead end include irreversibility (e.g. Takebayashi & Morrell, 2001; Tripp & Manos, 2008 ) and a strong directionality of transitions toward red flowers has been previously suggested (reviewed in Rausher, 2008;  Table S1 ). These models are all nested (constrained) versions of the full HiSSE model (Fig. 2) . Given that the CID-4 model includes an additional two hidden states (C and D) for comparable complexity to the HiSSE model, this results in a large number of transition rate parameters in the model. Therefore, we simplified the number of transition rate constraints following by focusing on estimating parameters for two variations of CID-4 with all transition rate equal or with q 01 differing from q 10 (Table S1 ). Together, this resulted in a total of 22 different models (Table S1) .
Comparisons between the five types of models fit to the MCC tree allowed us to answer two of our main questions. First, to identify whether there is diversification rate variation across the Solanaceae phylogeny, we expect that models allowing for variation in speciation and extinction rates (BiSSE, HiSSE, CID-2, CID-4) would be a better fit than the Mk2 models. Second, to examine whether any of the diversification rate variation is associated with red flowers rather than hidden states alone, we expect the HiSSE models to be a better fit than the CID-2 and CID-4 models. We used Akaike information criterion (AIC) to identify the best models in these comparisons. Lower AIC scores indicate a Table 2 HiSSE-estimated rate parameters on the MCC tree under different models. The different models tested varied in whether red-flowered states (0 = nonred flowers, 1 = red flowers) and hidden states (A, B) were included. CID-2 and CID-4 models only allowed the rate parameters of hidden states to differ, Mk2 models only allowed transition rates (q) to differ, BiSSE models only allowed the rate parameters of red-flowered states to differ, whereas HiSSE models allowed the rate parameters of both red-flowered and hidden states to differ. Models further varied in the transition rate parameters that were allowed to vary. For simplicity, only the models where all qs vary are shown; most often these had the lowest AIC for each model type (see Table S1 for the parameters for all other models tested). Diversification rates (r = kÀl) are also reported. Higher rate parameters are bolded. To incorporate topological uncertainty with the Solanaceae tree, models were also fit across 100 trees from the posterior distribution of trees from each of two BEAST runs and compared using AIC scores. The percentage of trees for which each model was identified to be the top model (difference in AIC between model with the lowest AIC score < 2) is reported. Note that the top model column does not sum to 100% because multiple models can be considered a top model (i.e. within 2 AIC units) for any individual posterior tree. See Table S2 for the estimated rate parameters on the 100 trees from the posterior distribution of trees. 
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better fit, and we considered a model to be significantly better if the difference in AIC scores (DAIC) was greater than two units (Burnham & Anderson, 2002) . If multiple models fell within 2 AIC units, those models were collectively considered as the top models for the tree.
In order to determine how model selection might be influenced by phylogenetic uncertainty, we repeated the model-fitting procedures using 100 randomly sampled trees from the posterior distribution from BEAST. We compared AIC scores across the models for each tree to identify the best model, or set of models, for each. We computed the 95% confidence interval (CI) for each of the individual parameters (Fig. 2) and compound parameters of interest (e.g. r 1A , r 1B ) using the hdr (highest density region) function in the HDInterval R package (Meredith & Kruschke, 2016) . We considered parameters with different states (e.g. k 0A vs. k 1A ) to have significantly different rates from one another if the 95% CI of the difference did not overlap zero.
Diversification rate variation across Solanaceae
Given that the HiSSE model examines variation in diversification rates that may be independent of the trait of interest, we applied BAMM v2.5.0 (Rabosky, 2014) to visualize this variation across the Solanaceae phylogeny. This method identifies shifts in diversification along the tree while allowing for temporal rate heterogeneity. We used priors for speciation and extinction that were identified using BAMMtools , and accounted for incomplete sampling by specifying clade-level sampling fractions for the major Solanaceae clades named by S€ arkinen et al. (2013) . We ran BAMM for 10 million generations, checked convergence by examining changes in log-likelihood and removed 20% of the samples as burn-in.
Results
Measuring the tippiness of red flowers
Using seven tippiness metrics, we found that redflowered species in Solanaceae showed many characteristics of a tippy trait (Table 3) . First, the FPD and ParsimonyScore metrics indicated that red flowers have a significantly higher number of origins than expected under the null model. For example, ParsimonyScore estimated 30 trait changes in the history of Solanaceae to produce the 34 red-flowered species. The MNTD metric, which also captures patterns related to the number of independent origins, showed that the average distance between a redflowered species and the next nearest red-flowered species is 2.6 times the MNTD between nonred species; however, this was not significantly greater than the null expectation. This may relate to the lack of extant red-flowered species in two of the most speciose clades in Solanaceae ( Fig. 1 ; see also Discussion). Second, both meanBL and Slope ASR suggested that red-flowered species tend to be associated with shorter branch lengths than non-red-flowered species. The metric values, however, were not significantly different from the null expectation. This result likely relates to the fact that many non-red-flowered species also occur on short branches. Last, both meanCS and NoTO showed that the size of the clades which exhibited all red flowers were significantly smaller than expected, as well as in comparison with non-red-flower clades. Overall, these results indicate that the distribution of red flowers in Solanaceae is significantly tippy in terms of the number of convergent origins and the small size of clades with this trait. Table 3 Tippiness metrics calculated on red-flowered Solanaceae species using the MCC phylogeny. See Table 2 for a description of the metrics. Bolded values indicate the metrics that were significantly different from the null distribution of traits expected from Brownian motion (P < 0.05), supporting that red-flowered species were significantly tippy with those measures. All metrics were also calculated on non-red-flowered species for comparison, except for ParsimonyScore and FPD which would not differ. Numbers in parentheses indicate the 95% highest density region from the metrics calculated on the 100 posterior trees. In addition to the seven tippiness metrics used to test whether red Solanaceae flowers are significantly tippy, the frequency of red-and non-red-flowered species in Solanaceae is also reported.
Metric
Red-flowered species Non-red-flowered species 
Model fitting with HiSSE
By examining various subsets of models fitted to the Solanaceae MCC tree, we found support for shifts in diversification rate across the tree. Specifically, all BiSSE, HiSSE, CID-2 and CID-4 models were a better fit than the Mk2 models (Table 2, S1). This was further supported by our comparison across the 100 trees sampled from the posterior, where either a HiSSE, CID-2 or CID-4 model was always a better fit than the Mk2 models (Table S2) . Together, this provides evidence that the Solanaceae tree exhibits diversification rate variation, and the pattern of trait distribution cannot be due to transition rate variation alone. We next considered whether any of the diversification rate variation is associated with red flowers rather than hidden states alone. Comparing model fit on the MCC tree, we found that one CID-4 model was a better fit than the best HiSSE model (Table 2, S1). However, across the 100 trees, HiSSE models were in the top set of models 58% of the time (DAIC from lowest AIC < 2) (Table S1, S2), indicating that the addition of differential diversification rates associated with red flowers improved the model for those trees. This suggests that lineage diversification may be influenced by the redflowered state and that the variation in diversification rates across the tree may not be explained by the dynamics of hidden states alone.
Looking across all 22 models, our analyses showed that a CID-4 model where the transition rates between the observed states (q 01 , q 10 ) were allowed to differ provided the best fit to the Solanaceae MCC tree (Table 2, S1). The next best model (DAIC = 15.0) was a HiSSE model where all transition rates were allowed to differ. In contrast, across the 100 posterior trees, the HiSSE model, which was the second-best model for the MCC tree, was in the top set of models (DAIC from lowest AIC < 2) for the majority of the trees (55%) (Table 2, S1). The next most frequent among the top models (35% of trees) was the same CID-4 model chosen as the best model for the MCC tree. The other two models that were considered in the top set of models for any tree from the posterior distribution were the CID-2 where all transition rates are allowed to differ (34% of trees) and the irreversible HiSSE model (3% of trees) (Table S1 ). These results suggest that when incorporating phylogenetic uncertainty, a HiSSE model where all transition rates, including those between red and nonred flowers, are allowed to differ is largely supported against the alternatives.
Based on the rate parameters of the best CID-4 model estimated on the MCC tree, red flowers were lost at a rate 33 times higher than the rate at which they were gained, while state-dependent diversification occurred on the unobserved hidden states, with higher diversification rates associated with the 'A' hidden state than the 'B' hidden state ( Table 2 ). The finding that red flowers experience higher rates of loss than gains was further supported by the top HiSSE model across the 100 tree sample (Table S2 ). In addition, the HiSSE model supported red-flowered lineages to be associated with lower diversification rates in the 'A' hidden state (Table S2, Fig. 3 ). These lower diversification rates for red-flowered lineages were driven by significantly higher extinction rates for red-flowered species across the 100 trees as speciation rates did not differ (Table S2, Fig. 3) . Directionality in transitions from red flowers to nonred flowers was also mirrored in the other models which were not identified as the best fitting, with all models allowing asymmetrical transitions between the observed states estimating red flowers to be lost more often than they were gained (Table S1 ). This was also reflected in the parameters estimated on the 100 posterior trees where in all models that allowed asymmetrical transitions, red flowers were estimated to be significantly lost more often than they were gained (Table S2) .
Diversification rate variation across Solanaceae
Our model fitting demonstrated that models which allowed diversification rate variation across the phylogeny were consistently better fits to the data compared to those that do not. The strong support for the inclusion of unobserved 'hidden' states that affect diversification points to additional shifts in rates on the tree. We used BAMM to visualize this variation, and
r 0B -r 1B Difference in rates Fig. 3 Differences in parameter rates between pairs of states calculated for each of the 100 posterior trees, as estimated under a HiSSE model where all transition rates were allowed to differ. This model was chosen as the top model for the majority of posterior trees. The median (black circle) and the 95% highest posterior density region (bars) of the difference between each pair of states are shown. As the 95% hdr for the difference between l 0A and l 1A , r 0A and r 1A , and q 01 and q 10 did not include zero, this suggests that the rates significantly differ from one another.
the results revealed multiple regions of the phylogeny where rates have increased or decreased. Particular hotspots include the genera Cestrum and Jaltomata, with net diversification rates greater than 1 (Fig. S1 ). Some lineages also exhibited decreases relative to the estimated ancestral diversification rates (e.g. within Solanum). The BAMM analyses did not detect individual red-flowered tips as having lower diversification, but this is to be expected as they are rare (~1% of taxa) and often singletons, and BAMM is known to have low power to identify changes in diversification rates from single lineages (Rabosky & Huang, 2016) . Overall, these BAMM results provide additional support for the existence of substantial diversification rate variation across the family, leading models which accommodate this variation through hidden states to be strongly favoured in model comparisons.
Discussion
A range of evolutionary scenarios, including increased extinction, reduced speciation and directional transitions, have been proposed to lead to tippy trait distributions (Schwander & Crespi, 2009; Ng & Smith, 2014; Bromham et al., 2016) . Our study tested whether differential diversification due to elevated extinction rates could explain the rarity and tippiness of red flowers in Solanaceae, as predicted under the evolutionary dead end hypothesis. Our results indicated that while diversification rates vary significantly across the phylogeny, there is limited support for differential diversification driving the tippy phylogenetic pattern. Instead, the tippiness of red-flowered lineages may be largely explained by asymmetric transition rates, as all of the best models included higher rates of trait loss than gain.
Directionality in transitions to red flowers
Previous studies have suggested a strong directionality of transitions from nonred flowers to red flowers due to the frequent involvement of loss-of-function mutations in their evolution (reviewed in Rausher, 2008) . More recently, however, other authors have inferred the opposite pattern, with transitions away from red flowers occurring at a greater frequency than gains (e.g. Tripp & Manos, 2008; Ogutcen et al., 2014) . Our study corroborates the potential for reversal to other colours following transitions to red flowers and estimates that a higher rate of losses of red flowers than gains leads to a small number of red-flowered species distributed across the tree on shallow branches (Fig. 1) . The variation in the inferred directionality across studies may be due to truly different evolutionary dynamics as well as the use of differing methods (parsimony vs. likelihood) or models (with or without state-dependent diversification). Meta-analyses applying the same comparative methods would serve as the best approach for quantifying the macroevolutionary processes shaping flower colour across clades (e.g. Smith & Goldberg, 2015) . Our understanding of the genetic mechanisms by which red flowers evolve is consistent with the inference of reversibility in this study. While in some clades, red flowers have evolved through the accumulation of loss-of-function mutations in pigment genes (e.g. Smith & Rausher, 2011; Wessinger & Rausher, 2015) , other studies have demonstrated that red flowers can evolve by regulatory changes alone (e.g. Des Marais & Rausher, 2010; Hopkins & Rausher, 2011; Stankowski & Streisfeld, 2015) . We expect that the loss-of-function mutations would be difficult to reverse, especially if they were followed by gene degeneration (Wessinger & Rausher, 2015) , but that regulatory changes would preserve the ability to regain purple or blue pigment production. For example, evolutionary transitions to red flowers in Ipomoea are due to the floral-specific downregulation of one flavonoid pathway enzyme (F3 0 H), and restoring the expression of this enzyme re-activates purple pigment production (Des Marais & Rausher, 2010) . The steps leading to reversal have yet to be dissected in a natural system, but these experiments suggest that regulatory changes to a single locus could be sufficient, so long as the structure of the pigment pathway remains intact. In addition, comparative studies have shown that red-coloured flowers can result from various combinations of pigments (e.g. purple anthocyanins plus orange carotenoids; Ng & Smith, 2016a,b) , providing multiple pathways for evolutionary transitions among colours.
Red flowers as an evolutionary dead end
Although tippy trait distributions have long been attributed to elevated extinction rates (reviewed in Schwander & Crespi, 2009) , relatively few studies have tested this relationship in empirical systems (but see Agnarsson et al., 2006; Day et al., 2016) . Red flowers in Solanaceae exhibit a classic tippy pattern; however, we found mixed support for the hypothesis that their phylogenetic distribution is driven by increased extinction. Specifically, model fitting with the MCC tree showed no significant improvement with the inclusion of differential diversification of red-flowered lineages, while most trees from the posterior distribution do favour a full HiSSE model in which lineages with red flowers go extinct at a higher rate (Table S2, Fig. 3 ). This difference in results between the MCC tree and a sample of posterior trees suggests that the model fitting is highly sensitive to differences in topology and branch length and that the signal of trait-dependent diversification is relatively weak. A lack of signal is perhaps not surprising if red-flowered lineages have repeatedly disappeared from the tree, either by trait loss or by elevated extinction. This 'macroevolutionary self-destruction' will remove the lineages that could provide power for evolutionary inference, and presumably, the more a given trait elevates extinction rates, the more difficult it will be to document this effect. Simulation approaches may provide an alternative route for robust tests of the link between trait distributions and differential diversification (e.g. Pennell et al., 2015; , but analyses of population-level persistence (Dynesius & Jansson, 2014) may be required for the most 'self-destructive' traits.
While the evidence for differential diversification of red-flowered lineages is mixed, there are multiple biotic factors that could contribute to such an effect. For example, if red flowers evolve in response to specialization for bird pollination (e.g. Bradshaw & Schemske, 2003; Wilson et al., 2004; Streisfeld & Kohn, 2007; Whittall & Hodges, 2007 but see Cooley et al., 2008 , the dependence on a smaller set of pollinator species could increase the risk of extinction (Johnson, 2010) . In the Solanaceae, relatively few red-flowered species have been studied in the field (reviewed in Knapp, 2010) , but the timing of origins of extant red-flowered lineages (ca. 11 Ma, Ng & Smith, 2016a ; see also Fig. 1 ) appears to follow the invasion of hummingbirds in South America (22-40 Ma, McGuire et al., 2014) . Other biotic drivers of fixed transitions to red coloration include interactions with herbivores (Strauss et al., 2004) and other forms of pollinator-mediated selection, such as competition for shared pollinators (Muchhala et al., 2014) .
Although there is sparse information about the ecology of red-flowered species of Solanaceae, it is notable that two of the largest and most species-rich clades in the family lack red flowers and are entirely insect-pollinated. Both Lycianthes (ca. 250 species) and Solanum (ca. 1500 species) are buzz-pollinated by bees, which vibrate the anthers to collect pollen, the sole reward (Buchmann, 1986; De Luca & Vallejo-Mar ın, 2013) . Within these genera, the flowers are either purple, white or yellow. The ages of these genera (ca. 15 and 13 Ma, respectively, S€ arkinen et al., 2013) are on par with many in the family containing red flowers, suggesting that there has been sufficient time to evolve red flowers but an absence of selection favouring the trait. Nonetheless, these independent gains of buzz pollination do not align with increases in diversification rates (Fig. S1 ), suggesting that factors other than pollination system have contributed to shifts in speciation and extinction rates across the family.
Beyond these potential biotic factors, interactions with environmental variables could also lead to decreased diversification of red-flowered lineages. In Solanaceae as well as other plant families, red flowers can evolve via loss-of-function mutations in the flavonoid pathway, which gives rise to red, blue and purple anthocyanin pigments (reviewed in Wessinger & Rausher, 2012) . This can lead to red species producing a smaller range of flavonoid compounds (Berardi et al., 2016) , many of which are important for responses to environmental stress (Chalker-Scott, 1999) . Consistent with this hypothesized relationship between colour and environmental stressors, Arista et al. (2013) found that red morphs of Lysimachia arvensis (Primulaceae) exhibited lower survival under dry, high light conditions compared to blue morphs. Still, many lineages have evolved red flowers without loss-of-function mutations in pathway genes (Des Marais & Rausher, 2010; Hopkins & Rausher, 2011; Stankowski & Streisfeld, 2015) , suggesting that pleiotropic effects are unlikely to be the sole explanation for any higher extinction rates inferred for red flowered lineages.
Conclusion
Our study shows that the extreme tippiness and rarity of red flowers in Solanaceae is most likely due to biased transition rates, with rates of loss significantly higher than rates of gain. Elevated extinction may also play a role in their tippy distribution, but additional studies will be needed to test this hypothesis. Red flowers are rare in other angiosperm groups (e.g. Robertson, 1974; Ghebrehiwet et al., 2000; Wilson et al., 2006; Ojeda et al., 2012) , but whether this pattern can be attributed to biased rates of gain and loss, as inferred here, and/or differential diversification rates remains to be examined. More broadly, testing the macroevolutionary factors responsible for the tippy distributions of other traits, such as asexuality or sociality, will be an important step in understanding how often similar phylogenetic patterns are driven by similar underlying evolutionary processes.
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